Previous studies comparing the effects of oral, intraportal, and peripheral venous administration of glucose in conscious dogs demonstrated a significant increase in hepatic extraction of insulin only after oral glucose, but similar hepatic uptake of glucose after oral and intraportal glucose, which was greater than that after peripheral intravenous glucose infusion. This study evaluated the effect of atropine blockade of the parasympathetic nervous system on the increased fractional hepatic extraction of insulin and the role of gastric inhibitory polypeptide (GIP) on augmented hepatic uptake of oral glucose in conscious dogs with chronically implanted Doppler flow probes on the portal vein and hepatic artery, and catheters in the portal and hepatic veins and carotid artery. Since atropine infusion decreased absorption of glucose, and in order to achieve comparable portal vein levels of glucose and insulin, the dogs receiving atropine were given 1.9±0.1 g/kg glucose, compared with the control dogs who received 1.1±0.1 g/kg. The percentage of the glucose load that was absorbed was greater in the dogs not given atropine (80±4 vs. 44±7%), but because of the different loads, the absolute amount of glucose absorbed was similar in both groups (20.2±1.6 vs. 21.7±4.1 g). Although delayed by atropine, the peak portal vein glucose and insulin concentrations and the amounts presented to the liver were similar in both groups. However, the increased portal vein plasma flow and fractional hepatic extraction of insulin observed after oral glucose was not observed in the dogs infused with atropine. The net hepatic glucose uptake after oral glucose was significantly less at 10, 20, and 45 min in the atropine-treated dogs, and the area under the curve over the 180-min period was 44% less. However, the latter was not statistically significant. Infusion of GIP with peripheral intravenous glucose did not increase hepatic uptake ofglucose or the fractional hepatic extraction of insulin compared with peripheral intravenous glucose alone. These results indicate an important role for parasympathetic innervation in the augmented fractional hepatic extraction of insulin, and increased portal vein plasma flow after oral glucose. Although a relationship between the augmented fractional extraction of insulin and the net hepatic glucose uptake may exist, it does not necessarily indicate that the former is required for the latter. Such parasympathetic innervation may Dr. Ishida's current address is First
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Introduction
The fractional hepatic extraction of insulin increased after the oral administration of glucose (1) (2) (3) . Under these circumstances, both the amount of insulin and glucose presented to the liver also increased, but neither one seems to be the signal for the augmented fractional hepatic extraction of insulin. Thus, infusion of insulin into the portal circulation, which reproduced the concentrations achieved after oral glucose, did not increase fractional hepatic uptake of insulin (4) . In addition, infusion ofglucose into the portal vein to match the portal vein glucose concentration obtained after oral glucose did not augment fractional hepatic extraction of insulin (3) . In these latter studies, the net hepatic uptake of glucose was similar whether the glucose was given orally or infused into the portal vein, confirming the earlier results of Bergman et al. (5) . However, such net hepatic uptake ofglucose was greater than when an equivalent amount ofglucose was infused into a peripheral vein (3) . The present studies examined the role of the parasympathetic nervous system on the augmented fractional hepatic extraction of insulin and hepatic glucose uptake after oral glucose. The possibility that gastric inhibitory polypeptide (GIP)' was responsible for the greater hepatic glucose uptake after oral compared with peripheral intravenous glucose administration was tested by portal infusion of GIP and peripheral infusion of glucose.
Methods
Animals and surgery. Healthy, adult male and female mongrel dogs, weighing 20-36 kg, were prepared with catheters in the portal vein, left common hepatic vein, and carotid artery, and Doppler flow probes on the portal vein and hepatic artery as previously described (3) . The tip of the catheter in the portal vein was positioned immediately below the portal vein bifurcation. Postoperatively, the dogs were fed one can of Ken-L Ration (Ralston Purina Co., St. Louis, MO) each day, and the catheters were flushed with 2 ml heparinized saline (50 U/ml) daily to prevent thrombosis. Experiments were done in overnight fasted, conscious, and unrestrained animals at least 2 wk after recovery from surgery. Experiments were done on animals whose hematocrits were >30%, who appeared in healthy condition, and had a good appetite with normal stools. During the experiments, phasic and mean control blood pressure was measured using a Statham P23 db pressure transducer that was connected to the arterial catheter. Except for an initial increase associated with ingestion ofglucose, the blood pressure did not change significantly throughout each experiment. Blood samples for glucose, insulin, glucagon, and GIP were collected simultaneously from the portal vein, hepatic vein, and carotid artery in chilled tubes containing 500 U Trasylol (FBA Pharmaceuticals, Inc., New York, NY) and 1.2 mg EDTA/ml of blood. 
Results
Atropine infusion before the administration of oral glucose had no effect on basal portal vein plasma flow (Fig. 1, upper right  panel) . However, it significantly increased net hepatic glucose production after 10 and 30 min of infusion, which resulted in a significant increase in plasma glucose concentration in all three vessels (Fig. 1, middle right panel) . There was no significant change in the basal portal vein insulin concentration (Fig. 2 , upper panels) or fractional hepatic extraction of insulin (Fig. 2 , lower panels). However, infusion of atropine inhibited the significant rise in portal vein plasma flow, which was observed after oral glucose (Fig. 1, upper panels) . The increase and peak glucose concentration in the portal vein was similar in both groups, but was slightly, but not statistically delayed and more prolonged in the dogs infused with atropine ( Fig. 1, middle panels) . The amount of glucose absorbed into the portal system was similar 45 min in the dogs infused with atropine compared with the control dogs (Fig. 1, lower panels) , while the splanchnic glucose output was similar in both groups. Although the shape of the curve was different, net glucose uptake as assessed by the area under the curve over 180 min was not statistically different in the two groups (5.6±1 vs. 3.2±0.9 g). After oral glucose, glucose uptake was greater and was no longer present after 90 min, while after atropine it persisted for the remainder of the experiment. . ; I Infusion of atropine was associated with a delay in the increase in portal vein insulin concentrations compared with oral glucose alone (Fig. 2, upper panels) , but the values eventually achieved were greater than after glucose alone. The delay in the rise in portal vein insulin concentrations reflected the slower increase in arterial glucose values after atropine and oral glucose. The insulin concentrations in the hepatic vein at 60 and 75 min and artery at 60 min were significantly greater in the atropine dogs compared with the controls (Fig. 2, upper panels) . Basal fractional hepatic extraction ofinsulin was similar in both groups of dogs and was not influenced by atropine infusion (Fig. 2,  lower panels) . Oral administration ofglucose was associated with a significant increased fractional hepatic extraction of insulin, in confirmation of previous results (1-3) . In contrast, despite similar amounts of insulin and glucose presented to the liver after oral glucose and infusion ofatropine, no significant increase in the fractional hepatic extraction of insulin was observed, and, in fact, the values at 10 and 60 min were significantly less than the control. During the infusion of atropine alone, there was a significant (P < 0.05) increase in the plasma glucagon concentrations when the average value during atropine was compared with that before its infusion (Fig. 4) . Atropine did not modify the decline of plasma glucagon levels induced by oral glucose (Fig. 4) .
Peripheral infusion of glucose produced similar arterial and hepatic vein glucose concentrations to those achieved after oral glucose, but the portal vein glucose concentrations were significantly less in the former situation (3) (Fig. 1 , middle left panel, and Fig. 5, upper left panel) . However, infusion of GIP into the portal system to mimic the increase observed after oral glucose (Fig. 6 ) had no apparent effect on the glucose concentration in the three vessels during peripheral intravenous infusion ofglucose (Fig. 5, upper right panel) . As reported previously (3), the net hepatic glucose uptake was significantly less after peripheral intravenous glucose administration compared with oral glucose (Fig. 1, lower left panel, and Fig. 5, lower left panel) , and was not increased by the concomitant infusion ofGIP into the portal circulation. Although GIP did not modify net hepatic uptake of glucose after its peripheral intravenous administration, it did have a biologic effect, in that it augmented pancreatic insulin 2, 4002 $001 secretion in response to the hyperglycemia (Fig. 7, upper panels) . Thus, after GIP, the amount of insulin delivered to the liver increased to 95±23 mU/min at 60 min, compared to 60±4 mU/ min with peripheral intravenous infusion of glucose without GIP.
GIP did not modify the suppression of glucagon after the intravenous infusion of glucose (Fig. 7 , middle panels), and had no effect on the fractional hepatic extraction of insulin (Fig. 7 , lower panels).
Discussion
The mechanism for the augmented fractional hepatic extraction of insulin after oral glucose (1-3) compared with peripheral intravenous glucose infusion (3) is not known. We have previously discussed the relationship between the amount of glucose presented to the liver and fractional hepatic extraction of insulin and the evidence that the former does not determine the latter (3). The present results with atropine provide additional support for this conclusion. Thus, despite equivalent amounts of glucose reaching the liver after oral glucose in the two experiments, atropine inhibited the expected increased fractional hepatic extraction of insulin (Fig. 2 , lower panels). Since atropine delayed and decreased the absorption of glucose, it was necessary to administer a significantly larger amount of glucose to these dogs to achieve comparable portal vein concentrations of glucose in the two groups (Fig. 1, middle panels) . This was achieved as indicated both by the actual glucose concentrations in the portal vein as well as by the amount of glucose absorbed over the 3-h experimental period (Fig. 3 ). Since the rate at which the portal vein glucose concentration increased was more rapid without atropine, it is possible that this could be an important factor in the augmented fractional hepatic extraction of insulin. However, our previous experiments in which oral and intraportal glucose were administered make this less likely (3). Thus, despite the same amounts and rates of glucose presented to the liver, increased fractional hepatic extraction ofinsulin was observed only after oral glucose. Since atropine infusion did not decrease, and may have actually increased the insulin response to oral glucose (Fig. 2, middle panels) , it is unlikely that changes in the amount of insulin presented to the liver are important in the augmented fractional hepatic extraction of insulin after oral glucose. Experiments in which different amounts of insulin were infused into the portal circulation also indicated that insulin was not an important determinant of its fractional hepatic extraction (4). Several other possibilities must be considered to explain the inhibition by atropine of the increased fractional hepatic extraction of insulin. These include the role of increased portal vein plasma flow and the secretion ofgut factors. Since atropine inhibited both the increased portal vein plasma flow (Fig. 1 , upper panels) and augmented fractional hepatic extraction of insulin after oral glucose (Fig. 2, lower panels) , the former may be an important determinant of the latter. Such a relationship is consistent with our previous observation that ingestion of meat increased both portal vein plasma flow and fractional hepatic extraction ofinsulin (7) . However, infusion ofarginine and cholecystokinin also significantly increased portal vein plasma flow, but was associated with a significant decrease in fractional hepatic extraction of insulin (8) . Conflicting results have been obtained in the isolated perfused liver regarding the effect of flow on hepatic extraction of insulin (9, 10) . Although the present experiments do not permit a conclusion concerning the role of portal vein plasma flow in fractional hepatic extraction of insulin, they Figure 7 . Effect of intraportal GIP and peripheral intravenous glucose infusion on plasma insulin (upper panels), plasma glucagon (middle panels), and fractional hepatic extraction of insulin (lower panels). The provide information related to the mechanism of such increased plasma flow after oral glucose. Increased portal vein flow does not directly reflect the portal vein hyperglycemia or the amount of glucose absorbed, since these were similar in both groups of dogs. The present studies, however, cannot exclude the rate of absorption as being important, since this was delayed by atropine (Fig. 3) . Inhibition of the increased portal flow by atropine suggests that it is dependent upon an intact muscarinic parasympathetic innervation. It could be a direct parasympathetic effect, or it could be mediated by a release of gut factors in response to ingestion of nutrients. The failure of portal infusion of GIP with peripheral infusion ofglucose to increase fractional hepatic extraction of insulin (Fig. 7 , lower right panel, compared with Fig. 2 , lower left panel) confirm the previous results of Polonsky et al. ( 11) and indicate that this gut hormone is not involved in that phenomenon. The portal vein GIP levels obtained during its infusion were actually greater than those achieved after oral glucose (Fig. 6) , and the biologic effectiveness of the GIP is in- dicated by its potentiation of insulin secretion after peripheral intravenous infusion of glucose (Fig. 7, upper panels) . These results do not preclude the involvement of other gut hormones in the increased fractional hepatic extraction of insulin.
The present results provide additional information concerning the greater hepatic glucose uptake after oral and intraportal glucose compared with peripheral intravenous glucose (3). It seems unlikely that the greater uptake of glucose by the liver after oral glucose (Fig. 1, lower panels) is due to the augmented fractional hepatic extraction of insulin (3) . Thus, hepatic glucose uptake was similar after both oral and intraportal glucose administration (3, 5) , but only the former was associated with increased fractional hepatic extraction ofinsulin. Whether atropine decreased the greater hepatic glucose uptake after oral glucose depends upon how the data is evaluated. It significantly diminished it at 10, 20, and 45 min, while there was no significant difference when it was calculated as the area under the curve. If atropine does not decrease the hepatic uptake of glucose, yet inhibited the fractional hepatic extraction of insulin, it indicates that the latter is not necessary for the greater hepatic uptake after oral glucose. However, if atropine did decrease the hepatic uptake of glucose, it still does not necessarily prove that the two are related. The different shapes of the curves of net hepatic glucose uptake with and without atropine may reflect several factors. First, atropine itself increased hepatic glucose production ( Fig. 1, lower panels) , and a transient continuation of this effect might affect net hepatic balance. This almost certainly reflects the increase of glucagon in the portal vein during atropine infusion alone (Fig. 4) . Secondly, the rate of glucose absorption was slower after atropine. However, these differences may not fully explain the significantly greater net hepatic glucose uptake after oral glucose during the first hour as compared with the uptake with atropine infusion; this is especially true since the peak levels of glucose in the portal vein occurred during this time. Gut (12) (13) (14) (15) or neurogenic factors, especially parasympathetic (16, 17) , may be important in the control of hepatic glucose uptake. Thus, the inhibition by atropine of the augmented net hepatic glucose uptake during the first hour after oral glucose could reflect inhibition ofneurogenic or gut factors. It is unlikely that GIP is responsible for the augmented hepatic uptake of glucose, since its administration (which resulted in portal vein GIP concentrations greater than after oral glucose [ Fig. 6 ]) with peripherally infused glucose did not increase hepatic uptake of glucose or reproduce the effect obtained with oral or intraportal glucose (3) . A role for the parasympathetic nervous system is also suggested by the results of Mondon and Burton (16) , who reported that pharmacologic amounts of acetylcholine in the presence of insulin markedly enhanced the uptake of glucose by the isolated perfused rat liver. In addition, electrical stimulation ofthe parasympathetic nerves isolated from around the common hepatic artery rapidly suppressed hepatic glucose output (17) . Our finding that atropine significantly reduced the net hepatic glucose uptake after oral glucose during the first hour suggests the possibility that a muscarinic parasympathetic action is responsible for this change in hepatic glucose metabolism.
